The formation of a Schottky barrier at the interface between a metal and hexagonal boron nitride (h-BN) is studied using density functional theory. For metals whose work functions range from 4.2 to 6.0 eV, we find Schottky barrier heights for holes between 1.2 and 2.3 eV. A central role in determining the Schottky barrier height is played by a potential step of between 0.4 and 1.8 eV that is formed at the metal|h-BN interface and effectively lowers the metal work function. If h-BN is physisorbed, as is the case on fcc Cu, Al, Au, Ag and Pt (111) substrates, the interface potential step is described well by a universal function that depends only on the distance separating h-BN from the metal surface. The interface potential step is largest when h-BN is chemisorbed, which is the case for hcp Co and Ti (0001) and for fcc Ni and Pd (111) substrates.
I. INTRODUCTION
Hexagonal boron nitride (h-BN) has a structure similar to that of graphite. The boron and nitrogen atoms within a single h-BN sheet form strong bonds on a hexagonal lattice, as in graphene, while the bonding between layers is weak, as in graphite. In contrast to graphene or graphite, h-BN is a large band gap insulator, making it a very suitable substrate and gate dielectric for applications in graphene electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Indeed it has been shown that the mobility of the charge carriers in graphene adsorbed on h-BN at low temperatures is comparable to that measured in suspended graphene. [3] [4] [5] At room temperature the electron mobility in suspended graphene is even an order of magnitude lower than in graphene on h-BN, due to scattering by thermal ripples.
11 On the contrary, the h-BN substrate is atomically flat 3 and the ripple formation is totally suppressed.
Like graphene, h-BN layers can be prepared by mechanical exfoliation.
1 Cleaved layers can be thinned to a single layer with a high-energy electron beam.
12 Alternatively, h-BN layers can be grown by chemical vapor deposition (CVD) on transition metals such as Cu or Ni, using precursors such as borazine (B 3 N 3 H 6 ) or ammonia borane (NH 3 -BH 3 ). 13, 14 With a proper choice of growth conditions, homogeneous ultrathin h-BN layers can be grown 1-5 monolayers thick. Graphene can be subsequently grown by CVD on top of h-BN 15, 16 or on top of a h-BN layer adsorbed on a metal substrate 7, 9, 17 which is ideal for field-effect devices.
Hexagonal boron nitride (h-BN) is an insulating material, with a measured band gap of 5.97 eV 18 that is indirect. 19 The direct nature of the band gap in monolayer h-BN 20 suggests it as an interesting candidate for making ultraviolet light emitting diodes and lasers, but obviously the size of the band gap makes it difficult to form stable p-n junctions or ohmic metal contacts. It has been suggested that h-BN is a material with a negative electron affinity, 21 which would make obtaining a low barrier contact for electrons extremely challenging. At the same time this would improve the chances for making low barrier contacts for holes. Having low barrier metal contacts is advantageous for using h-BN as a semiconductor but disadvantageous for graphene devices where h-BN is used as an insulator.
In this paper we use density functional theory (DFT) calculations to determine the hole Schottky barrier height Φ p between a metal contact and h-BN for a series of metals whose work functions range from 4.2 to 6.0 eV. Substantial Schottky barrier heights (1.2 < Φ p < 2.3 eV) are found in all cases. The relationship between the Schottky barrier heights and the clean metal work functions is not simple. A key role is played by a potential step at the metal|h-BN interface, which originates from an interface dipole layer that is formed when h-BN is adsorbed on a metal surface. This potential step effectively lowers the metal work function and increases the Schottky barrier height for holes. For weak adsorption (physisorption), we find that the size of the interface dipole can be described by a universal function that only depends on the metal|h-BN bonding distance, and not on the metal.
Special attention is devoted to the case where the adsorption energies are weak and there is a lattice mismatch between h-BN and the metal surface. Under these circumstances, we expect that a superstructure will be formed with a periodically modulated interface dipole and potential step that have the same periodicity as the superstructure.
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II. METHOD AND COMPUTATIONAL DETAILS
We use density functional theory (DFT) to calculate ground state energies and optimized geometries with a projector augmented wave (PAW) basis set 22, 23 as implemented in VASP. 24, 25 The interfaces are modeled using h-BN adsorbed on finite slabs of metal six close-packed atomic layers thick. This bilayer structure is repeated periodically and separated from its images by a thick vacuum region. A dipole correction is applied to avoid spurious interactions between the periodic images. 26 The plane wave kinetic energy cutoff is set at 400 eV. We apply a 24×24 k-point grid to sample 1×1 and √ 3× √ 3 surface Brillouin zones (BZ) and use the tetrahedron scheme for BZ integrations. 27 The electronic self-consistency criterion is set to 10 −7 eV. Interface geometries are relaxed until the total energy is converged to within 10 −6 eV. The boron and nitrogen atoms in the h-BN slab, and the top two atomic layers of the metal surface are allowed to relax during the geometry optimization. The other four metal layers are kept fixed in their crystal structure. For the 5 × 5 Ti surface supercell we use a 3 × 3 k-point grid during geometry relaxation and a 9 × 9 grid to converge the charge density of the optimized geometry.
The interaction in weakly (van der Waals) bonded systems is difficult to describe within DFT. Commonly used generalized gradient approximation (GGA) functionals, such as PW91 or PBE, incorrectly predict essentially no bonding between h-BN or graphene layers, 2,28 as well as no bonding between h-BN or graphene and transition metal (111) surfaces. [29] [30] [31] The local density approximation (LDA) is empirically found to give a reasonable description of the bonding (geometry and energy) between h-BN layers, between a h-BN and a graphene layer, 2, 6, 10 and between h-BN or graphene and metal (111) surfaces. 10, 30, 32 In general, however, LDA is known to overestimate chemical bonding, and it does not capture van der Waals interactions properly.
In this paper we use one of the recently developed and implemented van der Waals density functionals (vdW-DF), [33] [34] [35] and compare the results to those obtained with LDA. In the vdW-DF, the exchange-corrrelation functional is split up as E xc = E x + E we use the vdW kernel developed by Dion et al. 33 and the LDA correlation, 36 respectively. For the exchange part E x , we use the optB88 functional. 35 The resulting optB88-vdW-DF functional gives a satisfactory description of the lattice parameters and binding energy of graphite, as well as of the structures and energetics of Li intercalation in graphite.
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For the systems we will be studying, it is not clear whether the LDA or the vdW-DF gives a better description of reality. Most of our results were obtained with the LDA but the corrections obtained using the vdW-DF to the most important results are also given. Unless stated otherwise, results were obtained with the LDA.
III. RESULTS

A. Metal|h-BN structures and bonding
We first generate equilibrium structures for a monolayer of h-BN on the different transition metal surfaces. As indicated in Fig. 1 , a 1 × 1 h-BN cell fits rather well on a 1 × 1 surface unit cell of Co(0001), Ni(111), and Cu(111). When a 2 × 2 h-BN cell is used to match a √ 3 × √ 3 surface cell of Al, Pd, Ag, Pt, and Au(111), the lattice mismatch is smaller than 2.7% for Al, Ag and Au but it is 3.5% and 4.6%, respectively, for Pt and Pd. A 6 × 6 supercell of h-BN placed on top of a 5 × 5 surface unit cell of Ti(0001) results in a mismatch of only 1.3%. To cope with the mismatch, we scale the in-plane lattice constant of the metal to match the optimized h-BN lattice constants of a hex = 2.490Å (LDA) or 2.510Å (vdW-DF), both of which are close to the experimental lattice constant of a exp hex = 2.504Å. 49 In a previous DFT calculation for h-BN adsorbed on transition metals, 1 × 1 cells were used with h-BN scaled to the metal lattice constants. 29 This led to overstretched h-BN, which, depending on the size of the lattice mismatch, can result in very unrealistic bonding. 50 The energetically most favorable binding configurations are shown in Fig. 1 . In the 1 × 1 metal surface cells, the most favorable position for the nitrogen and boron atoms are top and hollow sites, respectively, see Fig. 1(a) . 10, 29, 40, 51 In the √ 3 × √ 3 metal surface cells, three boron and three nitrogen atoms are adsorbed on bridge sites, and one each on top sites, see Fig. 1 
(b).
The results of the LDA calculations are shown in Table I. The equilibrium separations d eq are suggestive of two different bonding situations. h-BN is chemisorbed on hcp Co and Ti (0001), and on fcc Ni and Pd (111) surfaces with d eq < 2.5Å, whereas it is physisorbed on Cu, Pt, Ag, Au and Al (111) surfaces with d eq > 3.0Å. This difference is also apparent in the bonding energies E b (defined as the difference between the total energies of the combined system minus those of the separate systems). The physisorbed h-BN layer has a binding energy ranging between −50 and −100 meV per BN, while the binding energy of chemisorbed h-BN ranges from −150 to −600 meV. The h-BN monolayer buckles slightly when chemisorbed, with a height difference between boron and nitrogen on Co(0001) of 0.13Å. The corrugation of the h-BN sheet is largest on Ti; in the Ti supercell a 'wavy' h-BN layer is formed in which the difference between the highest and lowest nitrogen atoms is 0.7Å. The buckling is insignificant when h-BN is physisorbed.
The adsorption of h-BN on metal substrates is quite similar to that of graphene, that is also found to be chemisorbed on Co, Ti, Ni and Pd and physisorbed on Cu, Pt, Ag, Au and Al. 30 The bonding distances d eq of h-BN and graphene on these metal surfaces are within 10% of one another, and their sequence is the same, i.e., d eq is smallest for Co and largest for Al. So in spite of the large difference in electronic structures of graphene and h-BN (conductor vs insulator), their bonding to metals is very similar. Table II shows the results obtained with the optB88-vdW-DF functional. Comparing the bonding distances to the corresponding LDA results in Table I we see that the classification into chemisorbed and physisorbed h-BN layers is the same as in the LDA. The equilibrium bonding distances obtained with optB88-vdW-DF are, however, somewhat larger. For most metals d eq is larger by a moderate 0.1-0.2Å, but for Cu it is 0.3Å larger compared to LDA, and for Pd, 0.5Å larger. The bonding to Pd is somewhat special, as demonstrated also by the binding energies.
The binding energy of h-BN on Co and Ni obtained with optB88-vdW-DF is 0.24 eV per BN lower than that obtained with LDA. This is consistent with the overbinding one expects LDA to give for chemisorption. In contrast, the binding energy of h-BN on Cu, Pt, Ag, Au, and Al obtained with optB88-vdW-DF is 0.06-0.07 eV/BN higher than that obtained with LDA. This is consistent with an improved description of van der Waals interactions in the vdW-DF, which is important for physisorption. The binding energies of h-BN on Pd obtained with optB88-vdW-DF and LDA are practically the same, which is consistent with the bonding being on the borderline between chemisorption and physisorption. Judging from the bonding distances, LDA puts Pd on the chemisorption side of that border, and optB88-vdW-DF puts it more on the physisorption side.
First-principles calculations are practicable only for commensurable structures with reasonably sized unit cells. Whether or not an adsorbate is commensurable with a substrate depends on the outcome of a competition between adsorbate strain energy and binding energy to the substrate; the interaction between the h-BN adsorbate and the metal substrate in the present case may be too weak to make commensurability energetically favourable when the lattice mismatch is too large. To address this question, we plot the strain energy of h-BN versus strain in Fig. 2 . The LDA binding energies of Table I are plotted versus the lattice mismatch in the same figure (the vdW-DF binding energies lead to the same qualitative conclusions). We expect that a metal|h-BN structure will be commensurable if the energy gained by binding outweighs the energy cost of straining.
For h-BN on Co(0001) and Ni(111), the lattice mismatch is small and the binding energies are much higher than the strain energy. Therefore it is very likely that h-BN will form a commensurable structure on Co(0001) and Ni(111) with a unit cell as in Fig. 1(a) . The uniqueness of this structure would then promote the growth of large areas of defect-free h-BN.
If h-BN is grown on the (111) surfaces of Al, Au and Ag or on the Ti(0001) surface the situation is more complicated. On the one hand, the lattice mismatch is small and the binding energy is an order of magnitude larger than the strain energy. Commensurable structures with unit cells as in Figs. 1(b,d) should therefore be stable. On the other hand, these unit cells can accommodate several o with respect to the center of the cell will result in such structures. This means that during growth different domains of h-BN can form. An experimental LEED study of h-BN growth on Ag(111) indeed shows that h-BN domains are formed. 52 Quite likely the same will happen for h-BN grown on Au and Al(111).
The lattice mismatch for h-BN on Cu, Pd and Pt(111) is large and is likely to lead to incommensurable structures. As Figure 2 shows, the strain energy needed to stretch the h-BN overlayer is comparable to the binding energy. Moreover, some of the binding energy is gained even if the atoms of the h-BN overlayer are not in their most favorable adsorption positions. The LDA binding energies of the three configurations of h-BN on Cu(111) illustrated in Fig. 1(c) , are given in Table III . These suggest that it is more favorable to adsorb h-BN in its equilibrium (unstrained) structure, rather than match it 1:1 with the Cu surface unit cell. The result is an incommensurable structure.
The difference in bonding distance between the three configurations in Fig. 1(c) is 0.30Å. We expect this will be reflected in height variations within a h-BN layer on Cu(111). An incommensurable structure generally leads to the observation of moiré patterns in the adsorbed layer. Indeed recent STM experiments have shown such patterns in h-BN on Cu(111). 42 The effect of incommensurability on the electronic properties will be discussed further in Sec. III D. Fig. 1(c) . It has been experimentally shown that the work function of a metal surface can be substantially modified by deposition of a h-BN monolayer. The changes reported range from 0.9 eV for h-BN on Pt (111) 39 to 1.8 eV for h-BN on Ni(111). 39, 40 In our own work on metal|h-BN|graphene (M|BN|Gr) stacks, we showed that a dipole layer is formed at the interface between the metal and h-BN.
6,10 The dipole layer gives rise to a step ∆ M|BN in the electrostatic potential at the interface, which effectively lowers the work function of the system. This potential step is of key importance for the Schottky barrier height that we will discuss in the next section.
The potential step corresponding to the dipole layer can be determined by calculating the difference between the (planar averaged) electrostatic potential sufficiently far away from the metal|h-BN slab and that of the clean relaxed metal surface, assuming a common Fermi level.
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This is equivalent to defining the interface potential step as the difference between the work functions of the clean metal surface and the h-BN covered surface,
Alternatively, the interface potential step can be calculated from the electron density difference, defined by subtracting the densities of the isolated metal and h-BN slabs from that of the combined metal|h-BN slab
As the system as a whole is neutral and ∆n(r) → 0 for r sufficiently far from the metal-h-BN interface, solving the Poisson equation with ∆n(r) as source gives the potential step in terms of the interface dipole
where z is the direction normal to the metal|h-BN interface, and
is the electron density difference averaged over a plane and A is the surface area of the supercell. Numerically, the results of Eqs. (1) and (3) are within a few meVs of one another. The potential steps ∆ M|BN calculated with the LDA and the vdW-DF functionals, are listed in Tables I and  II for all the metal|h-BN structures discussed in this paper. The numbers in Table I are within 0.2 eV of those in Table II , except for Cu and Pd, where the differences are 0.36 eV and 0.38 eV, respectively. These differences cannot be ascribed directly to differences between the functionals. In fact, as a function of the metal-h-BN separation d, both functionals give the same values of ∆ M|BN (d) within 0.05 eV.
54 However, they predict slightly different equilibrium bonding distances d eq , see Tables I and II than the vdW-DF value of 0.87 eV. Again this does not directly reflect the difference between the two functionals, but rather the difference between the equilibrium bonding distances d eq these functionals predict. As discussed in the previous section, LDA gives a more chemisorbed h-BN layer with a shorter bonding distance (d eq ≈ 2.5 A) than vdW-DF (d eq ≈ 3.0Å). Comparison of the calculated and experimental values of the potential steps suggests that the shorter bonding distance is more likely.
A typical distance dependence of the potential step ∆ M|BN (d) is shown in Fig. 3 for the Cu|h-BN interface. Obviously ∆ M|BN is very sensitive to d. The functional dependence can be understood in terms of exchange repulsion between the metal surface and the h-BN layer at intermediate distances, which is strongly modified by chemical interactions at shorter distances. 54 The separation into two regimes is illustrated in Fig. 3 by plotting ∆n(z) for different values of the distance between the Cu(111) surface and h-BN sheet. For distances d 3.0 A, ∆n(z) displays the pattern of a simple dipole, with accumulation of electrons near the Cu(111) surface and a concommittant depletion near the h-BN plane. Such an accumulation/depletion pattern is also called the pillow effect or the pushback effect because it appears as if adsorption of the overlayer pushes electrons into the metal substrate. It can be shown that exchange (Pauli) repulsion provides the dominant contribution to the dipole in this distance regime.
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At smaller distances, d < 3.0Å, the pattern of ∆n(z) becomes more complicated than that of a simple dipole. ∆n(z) shows oscillations in the metal and this strong perturbation of the electron density in the metal is indicative of the formation of chemical bonds (or anti-bonds). Qualitatively, it exhibits a similar dependence on distance d for all metal|h-BN interfaces. For metals where the equilibrium separation d eq < 3.0Å, one observes a pattern with strong oscillations in the metal. 10 These are the metals Co, Ti, Ni, and Pd on which h-BN is chemisorbed according to Table I . In contrast, for metals where the equilibrium separation d eq 3.0Å one observes the pattern of a simple pushback dipole.
10 These are the metals Al, Cu, Ag, Au, and Pt on which h-BN is physisorbed according to Table I . Figure 4 shows the potential steps ∆ M|BN calculated with h-BN in a fixed, planar geometry as a function of separation d for the metals that require a small supercell. 48 A distinction is made between chemisorption and physisorption regimes as discussed in the previous paragraph. In the chemisorption regime the curves for different metals can be quite different, which is consistent with the notion that details of the chemical bonding of h-BN to a metal substrate should depend on the metal. The potential steps in the chemisorption regime are larger than those given in Table I because we have used a fixed h-BN structure in calculating Fig. 4 . In the chemisorption regime the structure of the h-BN layer is Table I. perturbed by chemical bonding to the substrate and becomes buckled, which reduces the potential step.
Remarkably, in the physisorption regime the ∆ M|BN (d) curves for the different metals converge; in this regime it is possible to describe all curves with a single function. As the dominant contribution to the potential step in this regime is exchange repulsion between the metal surface and the h-BN sheet, and exchange repulsion varies roughly exponentially with distance, a reasonable ansatz for a functional form is an exponential function times a polynomial. 54 We find that sufficient accuracy can be obtained using a second order polynomial,
A least squares fit of this functional form to the ∆ M|BN (d) curves for the metals on which h-BN is physisorbed (Al, Cu, Ag, Au, Pt) then gives a 0 = −1865 eV, a 1 = 1294 eV/Å, a 2 = −190.3 eV/Å 2 and γ = 1.85Å −1 . This fit function is shown in Fig. 5 along with the data points, which shows that the fit is remarkably good. An exception seems to be Al at d < 3.0Å, but this is to be expected as in that regime chemisorption sets in. The deviation of the function from a simple exponential is most prominent for d > 4.0Å. The reason for this is that the dipole resulting from exchange repulsion decreases rapidly to zero at large distances. What remains is a small dipole that results from van der Waals interactions between the metal and h-BN 54 that does not go exponentially to zero as a function of d, but rather as a power law d α . In the present case, the numbers become too small to pinpoint the exact value of α.
A function of the form given in Eq. (5) was used by Khomyakov et al. to describe the potential step encountered in the physisorption of graphene on metal substrates. 30, 32 The bonding of h-BN to the metals studied in the present paper is very similar. A comparison of the equilibrium binding separations and energies in Ta- ble I to those for graphene on metals in Ref. 30 gives the same classification into chemisorption and physisorption for both graphene and h-BN. The h-BN layer forms a slightly stronger bond with the metals than graphene does. In the case of graphene the analysis of the potential step is complicated by the electron transfer between the metal and graphene. 30, 32, 55 In the case of h-BN, this cannot (easily) happen because it is a large band gap insulator. After modeling the effect of electron transfer in the metal|graphene case, a contribution to the potential step ∆ c (d) remained that could be fitted with the same functional form as Eq. 
C. Energy level alignment
A schematic illustration of the Schottky barriers formed at a metal|h-BN interface is shown in Fig. 6 (top) . We define the p-type Schottky barrier height as
Here W M is the work function of the clean metal surface, ∆ M|BN (d) is the interface potential step discussed in the previous section, ∆ BN is a small potential step between the first and second h-BN layer (discussed below) and E v is the position of the top of the valence band of isolated h-BN with respect to the vacuum energy (its ionization potential). We define all these quantities as positive numbers, implying that the p-type Schottky barrier height is a positive number. With E g the band gap of h-BN, the 6 . Top: schematic illustration of the energy levels at a metal|h-BN interface for three layers of h-BN when the first layer is physisorbed; Evac and EF are the vacuum level and the Fermi level, respectively; WM, W M|BN , and ∆ M|BN are the work function of the clean metal surface, that of the metal|h-BN structure, and the interface potential step, respectively; Ev, Ec, and Eg are the top of the valence band of h-BN, the bottom of the conduction band, and the band gap, respectively; Φp and Φn are the Schottky barrier heights for holes and electrons, respectively; in the physisorbed case Φ * p = |Ev − EF | ≈ Φp. Bottom: if the first layer of h-BN is chemisorbed on the metal a small additional potential step ∆BN of order 0.1 eV develops between the first and the second h-BN layer. In general, Φ * p and Φp can differ by much more, by electron volts (see Tables I and II) .
n-type Schottky barrier height is given by
and is also a positive number. If the first h-BN layer is chemisorbed on the metal surface its electronic properties are altered. As a result, a small additional potential step ∆ BN ≈ 0.1 eV is formed when a second h-BN layer is adsorbed on top of the chemisorbed one, see Fig. 6 (bottom). A potential step of similar size is found at the interface between graphene and h-BN. 6,10 For physisorbed h-BN the potential step between the first and second h-BN layers is small, i.e., ∆ BN < 0.1 eV, and can be neglected. Even for chemisorbed h-BN, where ∆ BN ≈ 0.1 eV, it presents only a small correction to Φ p . In all cases there is no potential step between the second and third h-BN layers, so in that sense the second layer already resembles a layer in bulk h-BN. The Schottky barrier heights calculated with Eqs. (6) and (7) are given in the last two columns of Tables I and II. Before discussing these results, we examine in more detail how and to what extent the electronic structure of h-BN is modified upon forming an interface with a metal. Band structures of metal|h-BN interfaces are shown in Fig. 7 for some representative metals. If the h-BN layer interacts only weakly with the metal substrate, as one expects to be the case for physisorption, then the bands of h-BN should still be identifiable. Fig. 7 shows that this is indeed the case for a h-BN monolayer on Au and Pt(111), for instance. From the band structure one would determine a Schottky barrier height as Φ *
For a single layer of h-BN physisorbed on Pt, Ag, Au and Al, Φ * p is within 0.1 eV of the Schottky barrier Φ p obtained from Eq. (6) .
If the h-BN interacts strongly with the metal substrate, i.e., when it is chemisorbed, one does not expect such a simple analysis to hold. Fig. 7 also shows the band structure of Ni(111)|h-BN, where h-BN is strongly bonded to the metal surface with a short binding separation, see Table I . Somewhat surprisingly, the uppermost valence band of h-BN can still be clearly identified. Contrary to what has been suggested from experiment, 46 this does not imply that h-BN is physisorbed. The identification of a single band of an adsorbed layer is not sufficient to decide whether that layer is physisorbed or chemisorbed. In this particular case, on the basis of its large binding energy and small equilibrium separation, h-BN is clearly chemisorbed on Ni(111), see Tables I and II. For instance, the lower h-BN conduction bands are strongly perturbed by the interaction with the substrate, see Fig. 8 . Moreover, from Fig. 7 , Φ * p > 4 eV, whereas Φ p = 2.2 eV, so extracting the Schottky barrier height from the band structure of an adsorbed h-BN monolayer would give a wrong result.
The situation for h-BN on Cu(111) is less clear. On the one hand, one would classify this as physisorption on the basis of the small binding energy and relatively large equilibrium separation. This is consistent with the observation that the h-BN bands can be clearly identified for monolayer h-BN on Cu(111), see Fig. 7 . On the other hand, the sizable difference between Φ * p = 2.47 eV and Φ p = 2.10 eV indicates that the h-BN bands are perturbed more than is usual in physisorption.
If the electronic structure of a single h-BN sheet is strongly perturbed by adsorption, we need to look at thicker h-BN layers to determine the Schottky barrier height. Fig. 8 shows the layer projected densities of states (PDoS) for two M|(h-BN) n |M structures with seven (n = 7) layers of h-BN sandwiched between metal slabs. When h-BN is physisorbed on the metal, as is the case for a Au(111) substrate (top), the PDoS of all the h-BN layers are very similar, even the PDoS of the layers that are in direct contact with the metal substrate. This is consistent with the band structure of h-BN being unperturbed by physisorption as discussed above. The Schottky barrier height can be determined from the position of the top of the h-BN valence band that is easily identified, being the same for all h-BN layers. In this case, we can say that the barrier is localized at the Au|h-BN interface. These conclusions hold for all of the metals on which h-BN is physisorbed (with, as discussed above, the exception of Cu), i.e., for Al, Ag, Au, and Pt.
When h-BN is chemisorbed (Co, Ti, Ni, Pd), the first layer is perturbed electronically, as well as structurally (buckled), and its interaction with the unperturbed second layer gives rise to an additional small potential step. Only the two layers directly adjacent to the metal are affected and the top of the valence band then remains constant when more h-BN layers are added. This means that in the chemisorbed case, the Schottky barrier extends over the h-BN monolayer that is adsorbed on the metal. The difference with the physisorbed case is illustrated in the lower panel of Fig. 8 , which shows the PDoS for a Ni(111)|h-BN|Ni(111) structure. The PDoS of the first layer shows signs of (relatively) strong hybridization between the h-BN states and the substrate Ni(111) states. However, already the second layer shows a PDoS that is typical of an unperturbed h-BN layer. This PDoS allows us to estimate the Schottky barrier height by looking at the top of the h-BN valence band. The value obtained is Φ p = 2.19 eV in good agreement with the 2.20 eV given in Table I .
D. Incommensurable metal|h-BN systems
In section III A we argued that h-BN on Cu, Pt and Pd(111) might be expected to be incommensurable, forming superstructures with m × m h-BN unit cells on n × n metal surface unit cells, with the integers n and m depending on the lattice mismatch and the angle between the h-BN and metal lattices. Recent STM experiments show that h-BN grown on Cu(111) exhibits moiré patterns with periods as large as 14 nm.
42 These experiments also show a spread of 0.3 eV in the local work function depending on the position on the surface, i.e., whether the STM tip is on a top or a valley position in the moiré pattern.
Incommensurable structures with large supercells are not directly accessible to first-principles calculations. We therefore adopt a simpler approach to estimate the spread in the local work function that might occur in an incommensurable structure. We investigate a fixed orientation of a h-BN layer with respect to a Cu(111) substrate, and do not consider general angles. We do however vary the position of the h-BN lattice with respect to the substrate. The underlying assumption is that in an incommensurable structure with a sufficiently large period, the bonding locally resembles that of a commensurable structure with a fixed relative displacement of the two lattices.
The local bonding can correspond to that of the configurations I, II and III of Fig. 1(c) , for example. The interface dipole is sensitive to the local bonding. This is clearly visible in Figure 9 , which shows the charge density difference n Cu|BN for these three configurations. The size of the interface dipole, and therefore of the interface potential step ∆ Cu|BN , depends on the configuration, see Table III . The dipole is largest if the N atoms of h-BN are adsorbed on top of the Cu atoms, as in configuration III, and smallest if both B and N atoms are adsorbed at hollow or bridge positions, as in configuration I. The difference in ∆ Cu|BN between these two configurations is 0.45 eV.
The equilibrium separation of h-BN from Cu(111) in configuration I is 0.3Å larger than in configuration III. Choosing a fixed separation of 3.0Å, we find a difference in ∆ Cu|BN of 0.1 eV between the two configurations. Scanning the h-BN layer over the Cu(111) surface at this fixed separation yields the potential landscape for ∆ Cu|BN shown in Fig. 10 . The difference between the extrema of this landscape is 0.2 eV. The interface potential step in an incommensurable structure with a large period varies with the local interface structure, giving rise to a moiré pattern in ∆ Cu|BN .
The experimentally observed spread in the local work function is 0.3 eV, 42 smaller than the 0.45 eV difference between configurations I or III obtained from fully relaxed homogeneous structures and larger than the 0.2 eV obtained with a constant h-BN−substrate separation. In an incommensurable structure, strain in the h-BN layer will prevent the structure from fully relaxing locally to configurations I or III and we expect the experimental re- sult to be a compromise between the two extreme cases we have presented.
IV. SUMMARY AND CONCLUSIONS
We calculate the Schottky barrier heights between h-BN and a range of metals from first principles, using DFT with vdW-DF and LDA functionals. The closepacked metal surfaces of Al, Ti, Ag, Cu, Ni, Co, Pd, Au, and Pt have work functions ranging from 4.2 to 6.0 eV. When brought into contact with h-BN, Schottky barriers for holes are formed with heights Φ p ranging from 1.2 to 2.3 eV (vdW-DF: 0.9 to 2.4 eV). There is, however, no simple relation between the size of the work function and that of the Schottky barrier height. A potential step at the interface, ∆ M|BN , caused by the interaction between h-BN and the metal makes a major contribution to the Schottky barrier height, cf. Eq. 6.
The interaction between h-BN and different metals falls into two distinct categories. h-BN is chemisorbed on Co(0001), Ti(0001), Ni(111) and Pd(111) surfaces with equilibrium separations 2.5Å. On the (111) surfaces of Al, Cu, Ag, Au, and Pt, h-BN is physisorbed with equilibrium separations 3.0Å. Chemisorption results in large interface potential steps that depend on the details of the chemical interaction; for the examples we considered, ∆ M|BN is 0.8-1.8 eV (vdW-DF: 0.9-1.9 eV). Physisorption gives somewhat smaller interface potential steps; we found values of ∆ M|BN ranging from 0.4-1.2 eV (vdW-DF: 0.4-0.8 eV). In the physisorption regime, the dependence of the potential step on the distance d from the h-BN plane to the metal surface can be described reasonably well by a single function, Eq. 5, which is independent of the metal.
The range of values of the potential step observed for the different metals then reflects the range of the equilibrium binding distances of h-BN on these different metals. The differences between the potential steps calculated with vdW-DF and LDA can also be ascribed to differences in equilibrium binding distances obtained with these two functionals. The interface charge distributions obtained with vdW-DF and LDA are very similar, both in the physisorption, as well as in the chemisorption regimes.
In our calculations, of necessity we force the metal|h-BN interface into a commensurable structure. Such a structure is likely if the mismatch between the h-BN and the metal surface lattices is negligible, or if the metal-h-BN interaction is strong. However, the lattice mismatch between h-BN and Cu, Pd, Pt (111) is 3%, and the metal-h-BN binding is not sufficiently strong to overcome the strain energy required to compress or stretch h-BN to match the metal lattice. Therefore in these cases the metal|h-BN interface forms an incommensurable structure. Assuming that the period of the resulting superstructure is sufficiently large one can determine an in-plane dependence of the interface potential step from calculations on commensurable systems. For h-BN on copper we find an in-plane potential variation in the range 0.2-0.45 eV. This leads to an in-plane variation of the Schottky barrier height of the same magnitude.
In the chemisorbed cases the structures are likely to be commensurable. The adsorbed h-BN monolayer is then perturbed electronically as well as structurally, i.e., the layer becomes buckled with a buckling amplitude ∼ 0.1 A. The interaction between this perturbed layer and a second h-BN layer leads to an additional potential step, whose size however is limited to ∼ 0.1 eV.
The calculated work function of Pt and the h-BN ionization potential are very close (∼ 6 eV), yet the calculated Schottky barrier is Φ p ≈ 1 eV. This is caused by a potential step ∆ M|BN of that size, which is formed upon adsorption of h-BN on Pt, which effectively lowers the Pt work function. Such potential steps are formed when h-BN is adsorbed on all of the metal substrates studied in this paper, which implies that all Schottky barrier heights Φ p 1 eV. The Schottky barrier heights for electrons are even higher, i.e., Φ n 3.5 eV. This means that it will not be easy to apply h-BN as a semiconductor material. It also means, however, that h-BN is a good insulator for use in graphene electronics. 
